C ongenital disorders of glycosylation type Ia or CDG-Ia (MIM 212065) is the most common type of a group of recessive disorders characterised by deficient glycosylation. 1 The disease is caused by mutations in the PMM2 gene, coding for a phosphomannomutase (PMM). PMM converts mannose-6-phosphate to mannose-1-phosphate, a precursor of the mannosyl donor in N-and O-glycosylation and the synthesis of GPI anchors. PMM deficiency leads to underglycosylation and altered processing of the N-glycans in serum proteins of CDG-Ia patients. 2 3 A plethora of different mutations, mostly missense mutations, results in a clinical spectrum ranging from mild to very severe with neonatal death. 4 5 A founder effect for the mutation F119L (c.357CRA) in the Scandinavian population results in a more homogenous group of patients in these countries. 6 Around 37% of CDG-Ia patients are heterozygous for the missense mutation R141H (c.422GRA), which has never been observed in the homozygous state. 7 8 The very low residual (,1%) activity of the mutant R141H protein is probably not sufficient for viability. 9 In spite of this genetic lethality, the carrier frequency for R141H is rather high, being 1/72 in the Dutch and Danish populations. 8 Without a mechanism counteracting the constant loss of recessive disease alleles, this R141H mutation would have vanished. The most obvious explanations for its persistence are a high mutation rate, genetic drift, a heterozygous advantage, or a transmission distortion.
The first possibility has been discounted by the observation that, in most patients and carriers, the mutation is associated with a specific haplotype, and thus represents a single, ancestral event. 6 8 Based on linkage disequilibrium with marker D16S3020 the most recent common ancestor was calculated to have lived at least 250 generations ago (R Colombo and E Schollen, unpublished data). Genetic drift could be an important factor in small populations and for non-lethal mutations. For a severe mutation like R141H, found in CDG-Ia patients from all over Europe, 5 genetic drift can be neglected.
A heterozygous advantage has been postulated for several recessive disorders (for example, cystic fibrosis, 10 phenylketonuria, 11 sickle cell anaemia, 12 and factor V deficiency 13 ), although the exact nature of the selective mechanism is often unknown. For CDG-Ia, Freeze and Westphal 14 hypothesised that there could be a protective effect against infective viruses such as hepatitis virus B and C in carriers of a PMM2 mutation. Such viruses rely heavily on host N-glycosylation for reproduction.
Cumulative data of several years of prenatal diagnosis for CDG-Ia, however, present evidence for a transmission ratio distortion.
RESULTS AND DISCUSSION
Over the last 6 years, the four centres involved in this study have performed molecular prenatal diagnosis for 92 pregnancies in 59 CDG-Ia families from different European countries (53), the US (four), Canada (one), and Argentina (one) (table 1). The parental and prenatal samples were genotyped for the specific, familial mutations. Maternal contamination of the fetal tissue has been excluded in the majority of the samples using polymorphic markers localised on different chromosomes. Since only independent pregnancies were taken into account, one expects a distribution according to Mendel's second law. However, a predominance of affected fetuses (31/92; 34%, binomial distribution p(X>34%) = 0.039) was observed when compared to carriers of the maternal disease allele (22/92; 24%), carriers of the paternal disease allele (20/92; 22%), and non-carriers (19/92, 20%) (table 2). A similar transmission ratio distortion is also observed within the homogeneous group of families with the specific mutations F119L and R141H with 16 compound heterozygotes in 42 pregnancies (38%, table 2).
The practical implication of this segregation distortion is an increased recurrence risk in CDG-Ia families ranging from 38% in Scandinavian families to 34% in other European N The transmission ratio distortion might explain the relatively high carrier frequency of the frequent R141H mutation in the PMM2 gene. It suggests that the drive of the mutated alleles relates to a reproductive advantage at the stage of gametogenesis, fertilisation, implantation, or embryogenesis, rather than to resistance to environmental factors during infant or adult life.
N The practical implication of this observation is an increased recurrence risk, close to 1 in 3 rather than 1 in 4, in CDG-Ia families.
Abbreviations: 95% CI, 95% confidence interval; CDG-Ia, congenital disorders of glycosylation type Ia; PMM, phosphomannomutase families. If this observation can be confirmed in a larger study, this might change the way in which these families are genetically counselled. A recurrence risk of 1 in 3 instead of 1 in 4 might affect the reproductive choices in families at risk.
Such a deviation of Mendel's second law has been described before for dominant diseases, caused by trinucleotide expansions, 15 16 but has, to our knowledge, not been previously described for any recessive or metabolic disorder. Most of the reports on meiotic drive of trinucleotide expansions have been criticised on statistical grounds, often because of failure to correct for ascertainment bias. 17 In contrast, no bias is expected in the population used in this study since only independent pregnancies were included.
Translating the fetal genotypes into transmitted alleles means a positive selection of 57% (104/184, binomial distribution p(X>57%) = 0.045) for mutation bearing alleles compared to normal alleles (table 3). The preferential transmission of the mutated alleles, which amounts to 56% (table 3) among carriers of R141H, can account for the high carrier frequency of this mutation in the European population. The same observation could explain the founder effect for F119L in the Scandinavian population. 18 This inference assumes that selection applies for both homozygotes and heterozygotes. From the data in the CDG-Ia families, however, we cannot conclude whether the preferential transmission results from selection of the mutated alleles in the affected fetuses or whether there is also selection in heterozygous compared to healthy carriers. The nearly normal number of carriers of either the maternal or paternal allele could be explained by the flattening of the positive selection of the mutated alleles with the negative selection of the wild type alleles, a hypothesis that also fits with the low number of normal fetuses. The offspring of couples where only one parent carries a PMM2 mutation would be a good population to test this hypothesis. The limited data which we have on this kind of population is compatible with this hypothesis: in 58% of the meioses the mutation was transmitted (p(X>58%) = 0.161, 95% confidence interval (95% CI) = 43 to 72). The data are statistically not significant because of the low numbers.
Given the role of glycosylation in all aspects of human reproduction, we suggest a functional advantage directly related to glycosylation deficiency as a possible selection system. The selection can take place at all stages of reproduction and the possible mechanisms include gamete 10  F119L  R141H  2  5  5  8  14  R141H  F119L  5  3  6  8  1  G15R  R141H  1  1  D65Y  R141H  1  1  2  V129M  R141H  2  1  E139K  R141H  1  1  R162W  R141H  1  2  D188G  R141H  2  1  3  V231M  R141H  1  1  1  1  T237M  R141H  1  1  R141H  D65Y  1  1  1  R141H  P69S  1  1  R141H  A108V  1  1  R141H  P113A  1 
Genotypes are based on linkage analysis. N, normal allele; NI, not identified. selection, postzygotic viability selection, or meiotic drive. A clear distinction between the above mechanisms cannot be made on the basis of our data, but there is circumstantial evidence for selection at the gamete level. As indicated above, the distribution of the four different genotypes in the offspring of CDG-Ia families and the slight preponderance of heterozygous offspring in families in which only one parent is a carrier, are compatible with a positive selection of mutation bearing gametes.
If selection occurs at the gamete level, it might well be that the selective transmission is gender and/or mutation dependent. It has been shown before that the degree of aberrant and hypoglycosylation of serum proteins depends on the patients' mutations. 3 In the F119L/R141H subpopulation, both paternal and maternal transmission is in favour of the mutated alleles (64% (27/42) and 57% (24/42), respectively). In families with a combination of mutations other than F119L/R141H, mothers preferentially transmit their mutated alleles (59%, 29/50), but no preference is observed among the paternal alleles (48%, 24/50). In the overall CDG-Ia population, no significant difference is observed between transmission of the moderate mutation F119L (59%) and the severe mutation R141H (56%) (table 3). The variety of the other mutations is too large for statistically significant figures (table 1) . The combined data are compatible with selection pressure at the gamete level, possibly with a different mechanism for spermatozoa and oöcytes.
Preliminary results of single cell haplotyping of sperm ejaculates of two healthy carriers of PMM2 mutations, showed a normal ratio (50%, 95% CI = 37 to 63) of mutation bearing versus normal sperm cells for an F119L carrier. The ejaculate of the R141H carrier contained 54% mutation bearing sperms (p(X>54%) = 0.25, 95% CI = 42 to 66) (S Kjaergaard and M Dunoe, unpublished data).
Even if these results are consistent with selection of sperm and oöcytes during gametogenesis or at fertilisation and even though late post-zygotic selection favouring often severely affected fetuses is hard to imagine, an advantage of aberrant glycosylation during implantation and early development cannot be excluded.
Meiotic drive due to molecular events also has to be considered as a possible explanation. As an example, Jeffreys and Neumann reported on a reciprocal crossover asymmetry in a human recombination hotspot at the major histocompatibility class II region as a possible mechanism for meiotic drive. 19 The founder effect of the F119L mutation 18 and the strong linkage disequilibrium observed between the mutation R141H, the marker D16S3020 located 32 kb distal of this position (Ensembl contig AC007218.6.1.193220), and a single nucleotide polymorphism in intron 5 of the PMM2 gene (IVS5+22 A/T) argue against this possibility in CDG-Ia.
Finally, it might well be that a specific allele at another locus, in close proximity to the PMM2 gene, is responsible for this transmission distortion rather than the PMM2 mutations themselves. However, this would invoke a combination of the specific allele at that locus with both the F119L and R141H mutation, which is unlikely.
What exactly mediates selection in terms of glycosylation remains to be solved. It could either be the hypoglycosylation per se or the appearance of aberrant glycoforms in glycosylation deficiencies. For example, in a study of the mannosidase IIx knockout mouse, Akama and coworkers have previously described a role in fertilisation of a specific, previously unknown oligosaccharide with three exposed GlcNAc residues as well as a core fucose residue. 20 21 Interestingly, two papers report increased fucosylation of the glycans in serum from CDG-Ia patients. 2 3 In conclusion, this is the first time that preferential transmission has been documented for a recessive disorder.
One may wonder whether it is specific for CDG-Ia or whether it also exists in the other glycosylation disorders or even other metabolic disorders. Further investigation of this observation might provide new insight in the complex role of glycosylation in human fertilisation.
